ABSTRACT
ndovascular therapy is increasingly used for treating acute ischemic stroke due to intracranial large-vessel occlusion. Among various endovascular therapies, mechanical thrombectomy is now accepted as the first-line endovascular therapy for acute large-vessel occlusion. Recent studies have shown that thrombectomies with a retrievable stent or flexible aspiration catheter were associated with high-recanalization and low-complication rates. [1] [2] [3] [4] [5] One of the striking features of mechanical thrombectomy is that it enables physicians to perform histopathologic examination of clots retrieved from human intracranial arteries. Recent studies suggested that histologic examination of retrieved clots can offer new insights into the pathogenesis of acute stroke due to intracranial large-vessel occlusion. [6] [7] [8] [9] However, it is currently unclear whether clot-composition analysis is helpful to predict a stroke mechanism in acute large-vessel occlusion. Only a few studies have been conducted on this topic, and prior studies have yielded only vague and contradictory results. [8] [9] [10] In addition, histopathologic analysis of retrieved clots allows understanding of the pathologic basis of early vessel signs on imaging studies in patients with acute ischemic stroke. Several studies have shown that the hyperattenuated vessel sign on CT and the susceptibility vessel sign on gradient-echo (GRE) MR imaging were more often associated with erythrocyte-rich thrombi (red thrombi) than fibrin-rich thrombi (white thrombi). 8, 10, 11 Platelets play an important role in the pathogenesis of white thrombi associated with atherosclerotic plaque rupture. 12 However, the relationship between early vessel signs on imaging studies and the proportion of platelets within the retrieved clots has been poorly understood. Thus, we performed histopathologic analysis on retrieved clots from patients with acute MCA occlusion to further elucidate the relationship between clot composition and stroke etiology and to investigate the effect of platelet levels on GRE MR imaging of clots.
MATERIALS AND METHODS

Patients
From January 2011 to October 2012, 56 consecutive patients presenting with acute stroke due to MCA occlusions were treated with mechanical thrombectomy, including stent-based thrombectomy and manual aspiration thrombectomy at a tertiary university hospital. Patients underwent a nonenhanced CT scan and multimodal MR imaging before endovascular thrombectomy procedures. Of these patients, those who had GRE images of insufficient quality for reliable evaluation (n ϭ 7) or did not have thrombus material suitable for histopathologic analyses (n ϭ 12) were excluded. This step left 37 patients in this study. We prospectively collected the following clinical and radiologic data of these 37 patients: demographic features, cerebrovascular risk factors, NIHSS scores on admission and at discharge, use of IV thrombolysis, time to endovascular treatment, procedure time, time to reperfusion, revascularization status, clinical outcomes, and stroke subtypes. Subtypes of ischemic stroke were determined at the time of discharge by stroke neurologists according to the classification of the Trial of Org 10172 in Acute Stroke Treatment. 13 Large-artery atherosclerosis was defined as "catheter angiographic" findings showing Ͼ50% stenosis or occlusion of the ipsilateral extracranial or intracranial carotid artery proximal to the occlusion site without evidence of potential sources of cardioembolism in other diagnostic studies. Moderate or severe (Ͼ50%) underlying intracranial atherosclerotic stenosis was also regarded as large-artery atherosclerosis. Cardioembolsim was defined as having at least 1 of the following predisposing factors: atrial fibrillation or flutter, left atrial thrombus, a prosthetic valve, severe mitral stenosis, a patent foramen ovale, concomitant acute myocardial infarction, congestive heart failure, infective endocarditis, and sick sinus syndrome, in the absence of moderate or severe (Ͼ50%) ipsilateral arterial stenosis on imaging studies. The institutional ethics committee approved this study. For each patient, written informed consent for endovascular therapy and histopathologic analysis of retrieved thrombi was obtained from a family member.
Endovascular Treatment
On admission, a stroke neurologist performed a neurologic assessment based on the NIHSS. The inclusion criteria for endovascular thrombectomy were as follows: presentation within 6 hours of stroke onset; baseline NIHSS score of Ն4; no intracranial hemorrhage detected on cranial CT or MR imaging; a target mismatch pattern on multimodal MR imaging based on visual estimation (time-to-peak map of perfusion imaging showing a lesion volume Ն30% larger than that detected with diffusion imaging); and infarct volume on diffusion imaging or nonenhanced CT of less than one-third of the MCA territory.
Cerebral angiography and endovascular therapy were performed with the patient under conscious sedation. In cases of agitation, an intravenous bolus of midazolam was given and repeated if necessary. Stent-based thrombectomy with a Solitaire stent (Covidien, Irvine, California) was performed as the first-line endovascular treatment. When stent-based thrombectomy was unsuccessful, additional mechanical approaches were performed, including manual aspiration thrombectomy with a Penumbra reperfusion catheter (Penumbra, Alameda, California). The details of the techniques used for stent-based thrombectomy and manual aspiration thrombectomy were previously described. 5, 14 Revascularization status was assessed on the final angiogram and was classified according to the modified TICI scale, 15 and successful revascularization was defined as a modified TICI grade of 2b or 3. Clinical outcome was assessed by a stroke neurologist by using the mRS during an outpatient visit 3 months after treatment. If patients were unable to attend the outpatient clinic, outcomes were obtained via telephone interview. A good clinical outcome was defined as an mRS score of Յ2.
MR Imaging Analysis
MR imaging examinations were performed by using a 1.5T unit (Signa HDxt; GE Healthcare, Milwaukee, Wisconsin). Before the endovascular procedure, patients underwent MR imaging including DWI, GRE, FLAIR, 3D TOF MRA, and perfusion imaging. GRE sequence parameters included a TR of 750 -800 ms, TE of 14 ms, flip angle of 20°, section thickness of 4 mm, intersection gap of 0 mm, and FOV of 230 ϫ 230 mm. All GRE images were retrospectively reviewed by 2 neuroradiologists (with 2 and 4 years of experience, respectively) who were blinded to the findings of conventional angiography. Conclusions were reached by consensus regarding the presence or absence of the susceptibility vessel sign on GRE imaging. A positive susceptibility vessel sign was defined as a hypointense signal change on GRE imaging within the occluded MCA, in which the diameter of the hypointense signals exceeded that of the contralateral MCA. 16, 17 A negative susceptibility vessel sign was defined as an absence of a positive susceptibility vessel sign in the occluded MCA.
Histopathologic Analysis
Retrieved clot material was fixed in 10% neutralized buffered formalin immediately after retrieval. Formalin-fixed, paraffin-embedded tissue was cut at 4-m thickness. All clots were stained with hematoxylin-eosin. Then, deparaffinized sections were immunohistochemically stained with antibodies for platelet glycoprotein IIIa, CD61 (LifeSpan Biosciences, Seattle, Washington).
Immunostains were performed by the routine avidin-biotin complex method. Immunoreactivity was visualized with a diaminobenzidine (DAB; Dako, Glostrup, Denmark) solution and then counterstained with hematoxylin. Stained slides were scanned at ϫ200 magnification by using a Scanscope XT digital scanner (Apergio, Vista, California). ImageJ software (National Institutes of Health, Bethesda, Maryland) was used for semiquantitative analysis of the percentage of red blood cells (RBCs), fibrin, platelets, and white blood cells (WBCs) by area. Histopathologic analysis was performed by an experienced pathologist without knowledge of the patient characteristics and imaging findings.
Statistical Analysis
Continuous data are presented as means or medians with SDs, and categoric data are presented as frequencies and percentages. Percentages of each specific clot component were regarded as continuous variables. First, the percentages of each clot component were compared between patients with cardioembolism and those with large-artery atherosclerosis. Then, the percentages of RBCs, fibrin, platelets, and WBCs were compared between patients with a positive susceptibility vessel sign on GRE imaging and those with a negative susceptibility vessel sign. The 2 or Fisher exact test was used for categoric variables, and the MannWhitney U or Kruskal-Wallis test was used for continuous variables. All statistical analyses were performed with SPSS software (Version 21.0; IBM, Armonk, New York). P Ͻ .05 indicated a statistically significant difference.
RESULTS
During the study period, 37 eligible patients (20 men and 17 women; mean age, 69 years; age range, 40 -91 years) were identified. In our study group, 68% (25/37) of patients had hypertension, 51% (19/37) had atrial fibrillation, 32% (12/37) had dyslipidemia, 24% (9/37) had a history of ischemic stroke, 16% (6/37) had a smoking history, 11% (4/37) had diabetes mellitus, 8% (3/ 37) had a history of coronary artery disease, and 5% (2/37) had congestive heart failure.
The median NIHSS score on admission was 15, with scores ranging from 5 to 19. The median time from symptom onset to endovascular therapy was 240 minutes (range, 60 -360 minutes), the median procedure time was 30 minutes (range, 10 -90 minutes), and the median time to reperfusion was 257 minutes (range, 93-420 minutes). IV rtPA was administered in 23 patients (62%) before mechanical thrombectomy. Of 37 patients, 5 had a tandem occlusion at the proximal cervical portion of the ICA and received carotid artery stent placement before the intracranial revascularization procedure. Successful reperfusion (modified TICI 2b or 3) was achieved in 83.7% (31/37) of patients, and complete reperfusion (modified TICI grade 3) occurred in 70.2% (26/37) of patients. No patient had symptomatic hemorrhage during the hospital stay. At discharge, the NIHSS score improved (decrease of Ն4 points) in 28 patients (75.6%). The median NIHSS score at discharge was 5. At the 3-month follow-up, 16 patients (43.2%) showed a good clinical outcome (mRS 0 -2). Mortality was 14% (5/37) at 3 months. On histopathologic examination, the mean percentage of components across all retrieved clots was 29.3 Ϯ 29.33% RBCs, 38.8 Ϯ 22.64% fibrin, 28.4 Ϯ 14.89% platelets, and 3.5 Ϯ 3.90% WBCs. Cholesterol crystals or calcified material was not identified in extracted clots in this study.
The subtypes of stroke were classified as cardioembolism in 22 (59.4%), large-artery atherosclerosis in 8 (21.6%), and undetermined in 7 (18.9%). The percentages of RBC and fibrin composition differed significantly between patients with cardioembolism and those with large-artery atherosclerosis (Fig 1) . The clots in patients with a cardioembolism had a higher proportion of RBCs (37.8% versus 8.5%, P ϭ .013) and a lower proportion of fibrin (32.3% versus 52.1%, P ϭ .035) than in those with largeartery atherosclerosis. There were no significant differences in the proportion of platelets (26.6% versus 34.5%) and WBCs (3.3% versus 4.9%) between patients with a cardioembolism and those with large-artery atherosclerosis. There were no correlations between the proportion of clot components and initial stroke severity or subsequent revascularization status or clinical outcome. The mean percentage of clot components in patients with undetermined etiology was 26.6 Ϯ 33.81% RBCs, 44.3 Ϯ 29.59% fibrin, 26.7 Ϯ7.99% platelets, and 2.4% Ϯ 2.07% WBCs. There were no significant differences in the proportion of clot components between patients with an undetermined etiology and those with a cardioembolism or large-artery atherosclerosis.
At GRE imaging, a positive susceptibility vessel sign was identified in 22 (59.4%) of 37 patients. The relationships between clot component proportion and susceptibility vessel sign on GRE imaging are shown in Fig 2. The mean percentage of RBC composition was higher in clots with a positive susceptibility vessel sign (48.0% versus 1.9%, P Ͻ .001) (Fig 3) , whereas the percentages of fibrin composition (26.4% versus 57.0%, P Ͻ .001) and platelets (22.6% versus 36.9%, P ϭ .011) were significantly higher in clots with a negative susceptibility vessel sign (Fig 4) . The percentage of WBC composition was consistently low in all clots and was not statistically different between clots with a positive susceptibility vessel sign and those with a negative susceptibility vessel sign (3.0% versus 4.2%).
DISCUSSION
This study demonstrated that histologic compositions of clots from patients with acute stroke differ between 2 major subtypes of ischemic stroke, namely, large-artery atherosclerosis and cardioembolism. To date, very few studies investigating a possible relationship between the histology of retrieved clots and stroke mechanisms have been reported. [8] [9] [10] Moreover, the results of previous studies have been inconsistent and confusing. Liebeskind et al 10 performed histopathologic analysis of retrieved clots in 50 patients with acute ischemic stroke who had undergone endovascular thrombectomy. They briefly stated that clot composition was unrelated to the final determination of stroke etiology; however, they did not provide detailed data on this issue. More recently, Niesten et al 8 investigated 22 thrombi retrieved after mechanical thrombectomy in patients with acute stroke. In contrast to our study, they reported that clots originating from large-artery atherosclerosis had the highest percentage of RBCs compared with other stroke subtypes, while there were no significant differences in the proportion of fibrin and platelets between different stroke subtypes. In their study, the patient population included a small number of patients with large-artery atherosclerosis (n ϭ 8) and cardioembolism (n ϭ 6), which was the major limitation. The most recent study by Boeckh-Behrens et al 9 investigated the histopathology of retrieved clots from 34 patients with acute anterior circulation stroke. They reported that there was a significantly higher proportion of WBCs in the thrombi of patients with cardioembolism compared with those with other stroke subtypes. In their study, the quantitative composition of all thrombi consisted of 60% fibrin, 32% RBC, and 8% WBC, and the patient population included 16 patients with cardioembolism and only 3 with large-artery atherosclerosis. They did not provide detailed data regarding proportions of RBCs and fibrin between different stroke subtypes.
In contrast to those previous studies, our study supports the traditional concept that cardioembolic thrombi forming in regions of stasis or slow flow are mainly composed of entrapped RBCs, and thrombi occurring in the context of atherosclerotic large arteries are mainly composed of fibrin and platelets, 12, 18 in the setting of acute ischemic stroke. In our study, we found that the proportion of RBC composition in retrieved clots was higher in patients with cardioembolism compared with those with largeartery atherosclerosis, whereas the proportion of fibrin composition was higher in patients with large-artery atherosclerosis compared with those with cardioembolism. There were no differences in proportions of platelets and WBCs between large-artery atherosclerosis and cardioembolism in our study. In the coronary circulation, most of the thrombi detected at atherosclerotic plaque rupture sites consisted of a mixture of fibrin and platelets, and fibrin was more abundant. 19 The results from our study are exactly in accordance with those in a previous postmortem study by Sato et al, 18 which examined the cerebral arteries and thrombi of 17 patients who had died of cardioembolic (n ϭ 11) and largeartery atherosclerotic (n ϭ 6) strokes within 30 days of stroke onset. They found that the ratio and total area of RBCs in thrombi were significantly larger in cardioembolic than in large-artery atherosclerotic stroke and that the ratio of the area of fibrin was 3-fold larger in large-artery atherosclerotic than in cardioembolic stroke.
Our study also confirmed the relationship between clot composition and early vessel signs on MR imaging. Paramagnetic intracellular deoxyhemoglobin in acute clots leads to a nonuniform magnetic field and resultant rapid dephasing of spins, which causes marked signal loss on GRE imaging-that is, a susceptibility vessel sign. 16, 20 Only 1 previous study investigated the relationship between retrieved clot composition and susceptibility vessel signs on GRE imaging. Liebeskind et al 10 correlated susceptibility vessel signs on GRE imaging and the composition of retrieved clots in 32 patients with acute MCA stroke. In their study, a susceptibility vessel sign on GRE imaging occurred in 56% (17/ 32) of patients. They found that a susceptibility vessel sign was more common in RBC-dominant and mixed clots compared with fibrin-dominant clots and the mean percentage of RBCs was greater in clots with a susceptibility vessel sign than in those without a susceptibility vessel sign. These results are in line with those in the present study. In our study, a susceptibility vessel sign occurred in 59% (22/37) of patients. The mean percentage of RBC component was significantly higher in clots with a positive susceptibility vessel sign than in those with a negative susceptibility vessel sign, whereas the percentage of fibrin component was significantly higher in clots with a negative susceptibility vessel sign than in those with a positive susceptibility vessel sign. Moreover, we found that the proportion of platelets was significantly different between clots with and without a susceptibility vessel sign on GRE imaging. In our study, the proportion of platelets was significantly higher in clots with a negative susceptibility vessel sign than in those with a positive susceptibility vessel sign; this finding has not been reported previously.
Platelets were not investigated in the study of Liebeskind et al. 10 Only 1 study investigated the platelet component in retrieved clots with an immunohistochemical study. Niesten et al 8 performed CD31 immunostaining to investigate platelet composition in retrieved clots, in addition to hematoxylin-eosin staining, and correlated clot compositions with attenuation on noncontrast CT. They found a nonsignificant, weak negative correlation between CT attenuation and the proportion of platelets.
Our study has several limitations. The size of the study population was too small to draw a strong conclusion. The number of patients with large-artery atherosclerosis was relatively small compared with those with cardioembolism. During the study period, many cases were excluded because of a lack of retrieved thrombi or insufficient thrombi or incomplete imaging. In addition, successful reperfusion occurred in 84% of patients in the present study. Thus, we could not evaluate whole clots occluding the MCA in 16% of cases. Finally, clot composition might be affected by medical treatment in patients before the stroke onset and intravenous rtPA given before mechanical thrombectomy.
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CONCLUSIONS
This study suggests that the histologic composition of clots retrieved from cerebral arteries in patients with acute stroke is different between stroke subtypes. We found that the proportion of RBC composition in retrieved clots is higher in patients with cardioembolism compared with those with large-artery atherosclerosis, whereas the proportion of fibrin composition is higher in patients with largeartery atherosclerosis compared with those with cardioembolism. In addition, a susceptibility vessel sign on GRE MR imaging is strongly associated with a high proportion of RBCs and a low proportion of fibrin and platelets in retrieved clots. These findings would be helpful for clinicians in predicting clot composition and stroke etiology with GRE imaging before endovascular therapy in patients with acute ischemic stroke. shows that most thrombi consist of organized fibrin aggregates with sparse cellular elements in a hematoxylin-eosin stained section (ϫ100 magnification). Magnified image is presented in the top left (ϫ400 magnification). C, CD61 immunostained section shows abundant infiltrations of platelets (brown) in the central and peripheral portion of the clot (ϫ100 magnification).
